Hepatocyte growth factor (HGF)/c-Met pathway dysregulation is a mechanism for epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs). Ficlatuzumab (AV-299; SCH 900105), a humanized IgG 1 κ HGF inhibitory monoclonal antibody, prevents HGF/c-Met pathway ligand-mediated activation. This phase 1b study assessed the safety/tolerability, pharmacokinetics/pharmacodynamics, and antitumor activity of ficlatuzumab plus gefitinib in Asian patients with previously treated advanced non-small cell lung cancer (NSCLC). Patients received intravenous ficlatuzumab either 10 mg/kg (cohort 1; n = 3) or 20 mg/kg (cohort 2; n = 12) every 2 weeks plus oral gefitinib 250 mg daily. Patients tolerated the drug combination well. Four treatment-related grade 3/4 adverse events were reported in 3 patients (cohort 2). Pharmacokinetic profiles for ficlatuzumab and gefitinib were consistent with prior single-agent trials. Partial responses were achieved in 5 patients (4 confirmed), all in cohort 2; objective response rate (ORR) was 33% (duration, 1.9-6.4 months). Responding patients had no prior EGFR TKI treatment, 2 without an EGFR mutation. Four additional patients had disease stabilization (cohort 2; duration, 2.7-9.1 months; 42% ORR). The recommended phase 2 dose for ficlatuzumab plus gefitinib 250 mg/day was 20 mg/kg every 2 weeks. This drug combination has shown preliminary dose-related antitumor activity in advanced NSCLC. Keywords ficlatuzumab, NSCLC, gefitinib, lung adenocarcinoma, non-small cell lung cancer Targeted therapies are now a well-established part of the treatment spectrum for patients with advanced non-small cell lung cancer (NSCLC).
Targeted therapies are now a well-established part of the treatment spectrum for patients with advanced non-small cell lung cancer (NSCLC). 1 Currently, the most widely used agents are tyrosine kinase inhibitors (TKIs) that target the epidermal growth factor receptor (EGFR), such as erlotinib and gefitinib, and the antiangiogenic agent bevacizumab. EGFR TKIs achieve a response rate of about 10% in a population of unselected NSCLC patients, but have significantly greater activity in NSCLC patients with activating somatic mutations of the EGFR gene (primarily L858R mutations and exon 19 deletions), with a response rate of about 70%. [2] [3] [4] [5] [6] [7] Although patients with advanced NSCLC and EGFR mutations show a high response rate and prolonged progression-free survival (PFS) following treatment with EGFR TKIs, almost all patients will eventually develop resistance to these agents. 8 Secondary mutations in EGFR and dysregulation of the hepatocyte growth factor (HGF)/c-Met pathway have been identified as some of the key mechanisms of acquired resistance to gefitinib and erlotinib. [9] [10] [11] [12] [13] HGF is the only known soluble ligand for the c-Met receptor tyrosine kinase and plays a key role in regulating cell proliferation, motility, and differentiation, particularly during embryogenesis and injury repair. [14] [15] [16] In patients with NSCLC, high serum and plasma levels of HGF appear to be associated with poor prognosis 17 and intrinsic resistance to gefitinib. 18, 19 High tumor HGF expression has also been associated with both intrinsic and acquired resistance to EGFR TKIs. 13 Moreover, the presence of HGF can accelerate NSCLC-cell resistance to EGFR TKIs by promoting clonal selection of a subpopulation of cells with c-Met amplification. 20 Preclinical studies in human lung cancer cell lines and lung tumor xenografts in transgenic mice have shown promising results with dual HGF/c-Met and EGFR inhibition, including additive antitumor activity and restoration of EGFR-TKI sensitivity. [21] [22] [23] [24] [25] [26] [27] [28] Taken together, these results indicate that combined EGFR and HGF/c-Met inhibition is a promising strategy to overcome intrinsic and acquired resistance and thereby to improve the outcomes of NSCLC patients.
Ficlatuzumab (AV-299; SCH 900105) is a humanized IgG 1 κ inhibitory monoclonal antibody that binds to HGF with high affinity and prevents the ligand from activating the c-Met receptor. 29 Consequently, ficlatuzumab inhibits tumor growth of NSCLC xenografts, reducing angiogenesis and cell proliferation while increasing cell death. 22 Ficlatuzumab in combination with erlotinib or cetuximab demonstrated increased antitumor activity compared with either agent alone, and the combination resulted in complete tumor regression in mice bearing established NSCLC xenografts. 22 Ficlatuzumab decreased phospho-c-Met and phospho-Akt levels in NSCLC tumor lysates when administered alone or in combination. 30 Ficlatuzumab was found to have an acceptable safety/tolerability profile and preliminary clinical activity when administered either as monotherapy or in combination with erlotinib in a phase 1 study of 41 patients with advanced tumors. 31 Common adverse events (AEs) in the 13 patients who received combination therapy (ficlatuzumab 20 mg/kg plus erlotinib 150 mg/day) were rash (62%) and diarrhea (46%). Pharmacokinetic (PK) profiles of ficlatuzumab and erlotinib were similar to those observed in single-agent trials, indicating no drug-drug interaction. The most frequently reported treatment-emergent adverse events (TEAEs) for the 15 patients receiving monotherapy 20 mg/kg in this phase 1 study were peripheral edema (8 patients), fatigue and vomiting (reported by 5 patients each), and hypokalemia and nausea (reported by 4 patients each). The most frequently reported grade 3/4 TEAE with ficlatuzumab monotherapy was hypokalemia (4 patients). Stable disease was evident in 12 of 21 efficacy-evaluable patients who received ficlatuzumab monotherapy, including 1 patient with ongoing stable disease lasting longer than 4 years. The recommended phase 2 dose (RP2D) for the combination was 20 mg/kg intravenous ficlatuzumab every 2 weeks and oral erlotinib 150 mg/day.
In the current phase 1b study, we evaluated the safety, tolerability, PK, pharmacodynamics (PD), and antitumor activity of ficlatuzumab in combination with gefitinib in Asian patients with advanced NSCLC. The study is registered at www.clinicaltrials.gov as NCT01039948. A randomized phase 2 study in first-line NSCLC patients treated with gefitinib with or without ficlatuzumab was recently completed and has recently been published.
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Material and Methods
Study Design
This was a phase 1b, open-label, multicenter, doseescalation study of ficlatuzumab plus gefitinib in Asian patients with previously treated advanced NSCLC. A previous phase 1 study demonstrated that the highest administered dose of ficlatuzumab, 20 mg/kg, was well tolerated without any dose-limiting toxicities (DLTs). 31 
Determination of the RP2D of Ficlatuzumab Plus Gefitinib
This phase 1b study followed a standard 3+3 doseescalation design, with 3 to 6 patients enrolled per dose level of ficlatuzumab to determine the RP2D. Ficlatuzumab was tested at doses of 10 and 20 mg/kg intravenously every 2 weeks, with all patients receiving oral gefitinib 250 mg/day in continuous 28-day cycles. After the initial 6 patients completed cycle 1 at the dose selected for phase 2, an additional 6 patients were enrolled for an expanded assessment of safety and PK.
DLT was defined as any drug-related grade 3 or 4 toxicity (hematologic or nonhematologic), drug-related toxicity of any grade that resulted in a dose reduction during the first cycle of treatment, or drug-related toxicity of any grade that resulted in an interruption of treatment for >2 weeks beyond the next scheduled dose. The following grade 3 toxicities lasting ࣘ48 hours were not considered DLTs: nausea and/or vomiting that could be managed with antiemetics, diarrhea that could be managed with antidiarrheals, fever without neutropenia that could be managed with antipyretics, and aspartate aminotransferase/alanine aminotransferase elevation.
The study was conducted in accordance with the Declaration of Helsinki in a manner consistent with International Conference on Harmonization and Good Clinical Practice guidelines, and all study-related material was approved by the Institutional Review Board or Ethics Committee at the National Cancer Centre Department of Medical Oncology, Singapore, or Samsung Medical Center, Seoul, Korea. Written informed consent for participation was obtained from all patients before enrollment.
Patients
Patients were enrolled at 1 site in Hong Kong, 1 in Singapore, 3 in Malaysia, 3 in the Philippines, 3 in Thailand, 6 in Taiwan, and 7 in South Korea, for a total of 24 study sites. Men and women 18 years and older of Asian ethnicity were eligible if they met the following key criteria: diagnosis of unresectable NSCLC with or without prior therapy or other advanced solid tumor that progressed after standard therapy (however, only patients with NSCLC were enrolled in this study); Eastern Cooperative Oncology Group (ECOG) performance status of 0 to 2; adequate hematologic, hepatic, and renal function and coagulation parameters; and no active central nervous system metastases. Prior radiotherapy was allowed if completed > 14 days prior to study entry and any related toxicity was resolved. Patients were also required to have archived tumor tissue for determination of EGFR mutational status and immunohistochemistry analysis; however, this determination was not used as an eligibility criterion.
Patients were excluded from the study if they had any of the following: myocardial infarction within 6 months prior to initiation of study treatment; thrombotic or embolic events within the past 6 months; diarrhea grade ࣙ 2 or active inflammatory bowel disease; severe acute or chronic medical, psychiatric, or behavioral condition or laboratory abnormality; diagnosis of interstitial lung disease; or serious active infection (grade > 2) within 14 days of starting treatment and/or uncontrolled infection requiring antibiotics, antivirals, or antifungals (including known HIV infection). Women of childbearing potential were required to have had a negative serum or urine pregnancy test within 7 days prior to study treatment.
End Points
The primary objectives of the study were to determine the safety, tolerability, and RP2D of ficlatuzumab when administered in combination with gefitinib. Secondary objectives included characterization of the PK profiles of ficlatuzumab and gefitinib when administered in combination, investigation of the effect of this combination on exploratory biomarkers, and assessment of the preliminary antitumor activity.
Safety. Patients were observed for 90 minutes following the first dose of study drug and then monitored throughout treatment and for a follow-up period of 1 month after treatment discontinuation. Safety assessments included study drug exposure, concomitant medications, AEs, laboratory data, physical examinations, vital signs, electrocardiogram (ECG), and ECOG performance status. AEs were graded according to the National Cancer Institute Common Terminology Criteria for AEs, version 3.0, and were coded using MedDRA dictionary version 12 or later. The number and percentage of patients experiencing AEs were tabulated by system organ class and preferred term.
Efficacy. Tumor assessments via local reads were performed at baseline every 4 weeks for the first 4 cycles and then every 8 weeks. Measurements of lesions included number and location of target lesions, number and location of nontarget lesions, target lesion diameter, and sum of longest diameters. The standard method of assessment was x-ray, computerized tomography, and magnetic resonance imaging, as appropriate. Response was determined using the Response Evaluation Criteria In Solid Tumors, version 1.1. 33 The duration of response was measured from the date that the initial response was observed to the date that disease progression was observed. PFS was calculated from the time of first dose until progression or death from any cause, whichever came first, and was censored at the time of last tumor assessment if there was no documentation of progression.
Pharmacokinetics/Pharmacodynamics. PK parameters were calculated from serum or plasma levels of ficlatuzumab and gefitinib using a noncompartmental model. Levels of serum ficlatuzumab were quantified by a validated enzyme-linked immunosorbent assay (PPD, Richmond, Virginia) as previously described. 31 Gefitinib levels were analyzed by the LCMS 522 method via high-performance liquid chromatographytandem mass spectrometry detection (PPD, Richmond, Virginia). Whole-blood samples were collected at each of the following times for PK evaluation of ficlatuzumab and gefitinib -cycle 1: at first dose of cycle (predose, immediately postinfusion, and 3, 6, 24, 48, and 96 hours and 1 week postinfusion), at 2 weeks (predose, immediately and 2 hours postinfusion), and prior to gefitinib dosing on days 22-28; cycles 2 and 3 and subsequent odd-numbered cycles: predose and immediately postinfusion; cycle 4: at first dose of cycle (predose, immediately, and 3, 6, 24, 48, and 96 hours and 1 week postinfusion) and at 2 weeks (predose, immediately and 2 hours postinfusion); and at the 1-month follow-up visit (30 ± 3 days after last dose of study drug administration).
Serum for measuring ficlatuzumab antidrug antibody (ADA) was collected every odd-numbered cycle on day 1 (predose), at the end of study, and at the 1-month follow-up visit. Peripheral blood samples to be assayed for serum HGF, a potential PD marker, were collected prior to study treatment and 3 hours postinfusion on day 1 of cycle 1, predose on days 2, 3, 8, and 22-28, predose and 2 hours postinfusion on day 15 of cycle 1, and predose on day 1 of cycle 3. Ficlatuzumab serum concentrations were measured in serum using a validated enzyme-linked immunosorbent assay method. Briefly, ficlatuzumab was captured from serum samples by recombinant HGF (R&D Systems, Minneapolis, Minnesota) bound on a microtiter plate, and captured ficlatuzumab was detected with peroxidase-labeled rabbit anti-human antibody (Dako, Carpinteria, California) and tetramethylbenzidine as substrate.
Pharmacokinetic parameters calculated for ficlatuzumab included minimum and maximum plasma concentration (C min , C max ), time to peak plasma concentration (t max ), area under the plasma concentrationtime curve from the time of dosing to the last measurable concentration and from baseline to infinity (AUC 0→τ , AUC 0→Ý ), clearance, half-life (t 1/2 ), apparent volume of distribution (V d ), and percent coefficient of variation (% CV), using noncompartmental analysis (Phoenix WinNonLin version 6.2; Pharsight Corporation, Mountain View, California).
EGFR Mutation Analysis. Tumor tissue samples obtained prior to treatment were assessed for EGFR mutation status using an EGFR Mutation kit EG-04 (DxS Diagnostics, performed by Clarient, Aliso Viejo, California) or by Sanger sequencing of exons 18-21 (performed locally at the study site).
Statistical Analysis
The safety population included all patients who received at least 1 dose of either study drug. The efficacy population was defined as all patients who completed the first efficacy evaluation (cycle 1, days [25] [26] [27] [28] or those with early progressive disease (before first scheduled efficacy evaluation) confirmed by imaging studies.
Continuous data were summarized using descriptive statistics (number of patients, mean, median, standard deviation, minimum, and maximum). Categorical data were summarized using frequencies and percentages. Safety observations and measurements, including study drug exposure, concomitant medications, AEs, DLTs, laboratory data, physical examinations, vital signs, ECGs, and ECOG performance status were summarized and presented in tables and listings. PK parameters were calculated using noncompartmental and/or compartmental models.
Best overall response was summarized by cohort and overall. Summaries included proportions of patients with best overall response of complete response (CR), CR unconfirmed, partial response (PR), PR unconfirmed, stable disease, progressive disease (or not evaluable), objective response rate (ORR), and disease control rate. Duration of response, time to progression, and PFS were calculated and presented in a listing. No formal statistical analysis was performed on efficacy data.
Results
Patient Characteristics and Disposition
A total of 15 NSCLC patients were enrolled and assessed for safety and efficacy. Their demographics and disease characteristics are summarized in Table 1 .
All patients received at least 1 dose of ficlatuzumab plus gefitinib; 3 patients in cohort 1 (ficlatuzumab 10 mg/kg plus gefitinib 250 mg) and 12 patients in cohort 2 (ficlatuzumab 20 mg/kg plus gefitinib 250 mg). All patients eventually discontinued study treatment. All 3 patients in cohort 1 discontinued the study drug after cycle 1 because of disease progression. Eleven patients in cohort 2 discontinued because of disease progression (4 in cycle 1, 4 in cycles 3 and 4, 3 in cycles 6-8, and 1 in cycle 10). One patient in cohort 2 withdrew because of an AE (dyspnea) not related to the study drug.
Drug Administration
The median duration of study drug exposure was 4.0 weeks for patients in cohort 1 (4.0 weeks for all 3 patients) and 14.0 weeks for patients in cohort 2 (range, 4.0-40.0 weeks). All patients in cohort 1 received 2 infusions of ficlatuzumab, and patients in cohort 2 received a mean of 8.1 infusions. There were no dose modifications of ficlatuzumab, and all patients received approximately the intended dose. The duration of exposure to gefitinib was consistent with the duration of exposure to ficlatuzumab. Seven of the 15 patients (1 in cohort 1 and 6 in cohort 2) had at least 1 gefitinib dose modification.
Safety and Tolerability
No DLTs occurred in the first 9 patients; therefore, an additional 6 patients were enrolled in the cohort 2 dose for an expanded assessment of safety and PK profile. Two DLTs were subsequently reported in 2 patients in the expanded cohort 2 population. These DLTs were a grade 3 nonserious AE of dermatitis acneiform, which the investigator considered to be probably related to study drug (either ficlatuzumab or gefitinib) and a fatal AE of diffuse alveolar damage (interstitial lung disease), which the investigator considered to be probably related to gefitinib and unlikely to be related to ficlatuzumab. Combination therapy with ficlatuzumab and gefitinib was well tolerated by the majority of patients, and most AEs were grade 1 or 2 in severity. The most common AEs included dermatitis acneiform (10 patients, 67%), decreased appetite (7 patients, 47%), diarrhea (6 patients, 40%), paronychia, fatigue, and cough (5 patients, 33%). These and other events that occurred in 3 or more patients are summarized in Table 2 . Grade ࣙ3 drug-related AEs occurred in 3 patients, all in cohort 2, and included peripheral edema, paronychia, diffuse alveolar damage, and dermatitis acneiform. One of these patients discontinued after cycle 1 despite clinical response of unconfirmed PR following grade 4 dyspnea and grade 5 diffuse alveolar damage, and another patient in cohort 2 discontinued after cycle 10 because of grade 2 dyspnea. No other patients discontinued treatment because of AEs. Thirteen patients died, including all 3 patients in cohort 1 and 10 patients in cohort 2. Only 1 of these deaths was attributed to an AE (diffuse alveolar damage); the remaining deaths were attributed to disease progression.
Efficacy
PRs were achieved in 5 of 15 patients (4 confirmed and 1 unconfirmed), resulting in an ORR of 33% (95%CI, 12%-62%); see Table 3 . All PRs occurred in patients treated in cohort 2, and an additional 4 patients in this cohort had disease stabilization with an ORR of 42% (95%CI, 15%-72%) and a disease control rate of 75% (95%CI, 43%-95%). The remaining 3 patients in cohort 2 and all 3 patients in cohort 1 had a best overall response of progressive disease. The duration of response in the 4 patients with confirmed PR ranged from 1.9 to 6.4 months, and all had progressed at the time of data cutoff. The duration of response in the 4 patients with stable disease ranged from 2.7 to 9.1 months.
NSCLC patients with an EGFR mutation, predominantly found in never smokers or light smokers, have a high response rate and long PFS with EGFR TKI treatment. 7 Detailed descriptions of EGFR mutational status, smoking status, prior EGFR TKI use, and response to ficlatuzumab with gefitinib are listed in Table 4 . Of the 11 patients who had prior anti-EGFR therapy, 10 were treated with a TKI inhibitor. Interestingly, all 5 patients without prior EGFR TKI use achieved PR to the combination therapy, including 2 patients without an EGFR mutation (6-7 cycles on study). In addition, both patients who had an L858R mutation achieved PR to the combination therapy.
Pharmacokinetics
The PK properties of ficlatuzumab and gefitinib are summarized in Table 5 . Gefitinib exposure (C max and AUC 0-last ) was similar in patients administered ficlatuzumab 10 or 20 mg/kg, indicating that the gefitinib PK parameters are unlikely to be altered by ficlatuzumab. Gefitinib was slowly absorbed, with time to C max observed 4-10 hours after dosing. Daily oral treatment with gefitinib resulted in approximately 2-fold accumulation at steady state (cycle 4).
Pharmacodynamics
All patients showed increasing levels of total HGF, starting on day 2 after ficlatuzumab administration and continuing through the observation period to days 22-28 in a time-dependent manner ( Figure 2 ). All patients experienced increases in total HGF levels on ficlatuzumab administration. The highest HGF level observed was 14 ng/mL, which was a fraction of the mean trough level of ficlatuzumab at the beginning of cycle 4 of 413.1 μg/mL (n = 8) in the 20 mg/kg cohort.
Antidrug Antibodies
All the 41 postficlatuzumab samples from 14 patients measured for ADA were negative. The median time from first dose was 112 days (range, 28-252 days). Ficlatuzumab was not immunogenic in any patients during the observation period.
Discussion
Anti-EGFR-targeted therapies, such as the EGFR TKI gefitinib, have demonstrated superior efficacy (PFS and ORR) compared with chemotherapy in the first-line setting for the NSCLC patient with an EGFR mutation. 7 However, all patients who initially respond will eventually progress on therapy. 8 Dysregulation of the HGF/cMet pathway, via c-Met amplification 10, 11 and/or HGF upregulation, 13 has been identified as one of the major mechanisms of resistance to EGFR TKIs. Recently, the phase 3 METLung study of onartuzumab, a c-Met-targeted monovalent monoclonal antibody, in combination with erlotinib in c-Met-positive advanced NSCLC was halted because of lack of efficacy, 34 and in 2012 the phase 3 MARQUEE trial investigating the selective MET inhibitor tivantinib in NSCLC was discontinued. Agents targeting the HGF/c-Met pathway (such as rilotumumab and ficlatuzumab) are actively being investigated in the clinic, and may benefit patients with NSCLC who would likely have had poor outcomes with EGFR TKI therapy alone. 35, 36 Ficlatuzumab, the focus of the current investigation, binds specifically to the HGF ligand and blocks HGF-mediated activation. In this phase 1b study, ficlatuzumab was investigated in combination with the EGFR TKI gefitinib. Based on the dose-escalation phase of this phase 1b trial, the higher dose of ficlatuzumab, 20 mg/kg, was determined to be the RP2D for further evaluation, and 12 patients in total were treated in this cohort. Five of the 12 patients in cohort 2 achieved an objective response (42%), and an additional 4 patients had disease stabilization, resulting in a disease control rate of 75%. Moreover, all 5 patients without prior EGFR TKI treatment had PR, including 2 patients without an EGFR mutation. Although the response rate to EGFR TKIs when used alone in NSCLC patients without an EGFR mutation has been found to be as low as 1%, 7 the clinical activity observed in these patients may suggest that ficlatuzumab in combination with gefitinib may be active in NSCLC without an EGFR mutation. Of note, mutations were analyzed by Sanger sequencing in 1 of these 2 patients, which introduces the possibility of false-negative results.
A phase 2, open-label, randomized trial to compare ficlatuzumab plus gefitinib versus gefitinib alone as first-line treatment in Asian patients with lung adenocarcinoma who were never smokers or former light smokers was recently published. In the phase 2 study, the addition of ficlatuzumab did not provide significant improvement over gefitinib therapy. However, the biomarker data from that study did suggest that patients classified as VeriStrat poor may benefit from ficlatuzumab combination therapy.
The ficlatuzumab/gefitinib combination was well tolerated by most patients. Treatment-related grade 3/4 AEs occurred in 2 patients and included peripheral edema, paronychia, and dermatitis acneiform. One patient died because of respiratory failure despite achieving PR after 4 weeks with gefitinib. Two patients discontinued treatment following AEs (dyspnea); in one of these patients the primary cause of withdrawal was attributed to progressive disease. The most common AEs (dermatitis acneiform, decreased appetite, diarrhea, paronychia, fatigue, and cough) were as expected in a study including gefitinib.
The PK profiles of ficlatuzumab and gefitinib showed no indication of drug-drug interactions. The observation of a time-dependent increase in circulating HGF after drug treatment was consistent with that reported in previous studies with ficlatuzumab as a single agent or in combination with erlotinib. 37, 38 All patients experienced the expected increase in total HGF levels on ficlatuzumab administration. This was likely because of the stabilization and/or induction of HGF expression in the presence of ficlatuzumab, suggesting the predicted engagement of HGF by study drug. The highest HGF level observed was 14 ng/mL, which was a fraction of the mean trough level of ficlatuzumab at the beginning of cycle 4 of 413.1 μg/mL (n = 8) in the 20 mg/kg cohort. Given the high affinity of ficlatuzumab to HGF with a KD of 3 pM, 32 the majority of serum HGF was in an HGF-ficlatuzumab complex. Similar increases in HGF were observed in clinical studies of rilotumumab, another monoclonal antibody targeting the HGF ligand. 38, 39 Ficlatuzumab was not immunogenic in any of the patients treated.
In summary, the findings from this study suggest that the combination of ficlatuzumab and gefitinib is well tolerated and has promising antitumor activity in Asian patients with advanced NSCLC. In combination with the recently published phase 2 results of the study, these results suggest that ficlatuzumab may potentially improve outcomes for patients who have responded poorly to EGFR TKIs.
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